Visualization and detection of early-stage gynecological malignancies represents a challenge for imaging due to limiting factors including tissue accessibility, device ease of use, and accuracy of imaging modalities. In this work, we introduce a miniaturized phased-array ultrasound and photoacoustic endoscopic probe which is capable of providing structural, functional, and molecular data for the characterization of gynecologic disease. The proposed probe consists of a 64-element ultrasound phased-array transducer coupled to a fiber-optic light delivery system for co-registered ultrasound and photoacoustic imaging. The fabricated US and PA imaging endoscope's diameter is 7.5 mm, allowing for potential passage through the cervical canal and thus an intimate contact with gynecological tissues such as the cervical canal and uterus. The developed endoscopic probe was tested and characterized in a set of tissue-mimicking phantoms. US and PA resolutions were measured experimentally using 200 μm diameter wires, resulting in apparent axial and lateral diameters of 289 μm and 299 μm for US, and 308 μm and 378 μm for PA, respectively. The probe's abilities to operate in both discrete and integrated illumination/acquisition were tested in gelatin phantoms with embedded optical absorbers with the results demonstrating the ability to acquire volumetric dual-modal US and PA images.
Introduction
There are a number of important applications of miniaturized endoscopes in which access to the target tissue can be provided percutaneously or through a natural orifice. Among these are the assessment of coronary artery, pancreas, prostate and gastrointestinal tract [1] [2] [3] [4] . Gynecologic cancer as a group (cervical, ovarian, uterine, vaginal, and vulvar) represent the fourth most common cancer among women, affecting nearly 1/5 th of the world's women. Mortality from these cancers is significantly higher than other types of cancer [5, 6] . For women who are receiving treatment, the procedure may involve either surgery or chemoradiotherapy, which are associated with psychosocial, social and practical challenges, alongside the physical symptoms and side effects of treatment such as pain, menopausal symptoms, sexual difficulties, infertility, health-related quality of life, and physical functioning [7] [8] [9] . Early detection can reduce the treatment-related side effects and, most importantly, increase the rate of cure for these cancers. Diagnostic modalities such as ultrasound (US) imaging, magnetic resonance imaging (MRI), and x-ray computed tomography (CT), are developed to assist with the detection of gynecological cancer and improve patient care [10] [11] [12] [13] [14] [15] . However, these modalities suffer from shortcomings including a lack of functional information from US, low sensitivity [16] , cost and availability with MRI [17] , and ionizing radiation from CT [18] . Therefore, there is still a clinical need for a safe, point-of-care imaging modality with high sensitivity and specificity. This study proposes a compact, non-invasive, non-ionizing, high-resolution visualization methodology developed by combining US and photoacoustic (PA) imaging to provide an efficient tool for diagnosis and monitoring of diseases. Particularly, our ultimate goal is to adopt the developed endoscopic imaging system in cervical cancer diagnostic applications where there is a need for a miniaturized device to determine the extent of cancer within the cervical canal. In PA, short, non-ionizing laser pulses are used to irradiate the tissue. The response of the tissue, which is proportional to optical important capability of PA is that it can provide the ratio of oxyhemoglobin to total hemoglobin based on the optical absorption contrast between oxy-and deoxy-hemoglobin. It is well-known that in patients with cervical cancer, malignant tumors typically stimulate the growth of new blood vessels by secreting some angiogenetic elements [23] [24] [25] . Several studies have been conducted to extract information about the increased vascularity via imaging such as Doppler US or histopathology, directed toward identifying malignant tumors such as cervical carcinoma [26, 27] . Hemoglobin is a major optical absorber which can be detected in PA imaging as an endogenous contrast agent. Therefore, PA can provide information on vascular hemodynamics in vivo [28] . In addition, hypoxia is a common feature of cervical cancer and may have a significant impact on the efficacy of radiotherapy. Spectroscopic PA (sPA) imaging has shown the ability to accurately measure blood oxygenation and tissue hypoxia in various cancers [21, 29, 30] . In addition, tumor hypoxia is a common predictor of poor response to radiotherapy because tumor cells become radioresistant at low oxygen tensions [31, 32] . While transvaginal US and PA systems have been developed for cervical cancer imaging [33] , due to light diffusion limitations, PA can only image external parts of the cervical tissue. Therefore, an endocervical transducer, with the ability to image tissue throughout the endocervical canal, can provide an accurate and more comprehensive tissue oxygenation map that can be used for radiation treatment planning. PA has previously been studied in preclinical models and was recently validated in head and neck cancer models [34, 35] .
Combining US and PA image information may potentially reveal early malignancy development in gynecologic tissues such as the cervix, by providing simultaneous and real-time visualization of object structure and functional changes, which are not apparent with an ultrasound scan alone [36] [37] [38] . Moreover, PA imaging can be easily be combined with US imaging, as both modalities share acquisition hardware components and a common signal detection regimen. Therefore, through the combination of US and PA imaging, it is possible to obtain simultaneous anatomical and functional information [20, 21, [39] [40] [41] . Our miniaturized endoscopic probe marries the two technologies by arranging six optical fibers around the US probe aperture. Nanosecond laser pulses are then transmitted through the fiber and excite the endogenous or exogenous contrast agent within the tissue, and the emitted pressure waves are captured by the US transducers to obtain an image of the region of interest [36] [37] [38] . The small diameter of the cervical canal dictates a limitation on the total diameter of the developed endoscope. Our endoscope is designed to have a relatively small diameter, which allows for passage through the cervical canal and analysis of both the cervix itself and endometrial pathologic tissues [42, 43] .
Materials and methods

Ultrasound and photoacoustic endoscope design
The current study proposes a combined US and PA phased array catheter which consists of three components: a phased-array ultrasound endoscope, a compact light delivery system, and a sheath. A 64-element phased array US probe was utilized for providing high-resolution 90°s ector imaging within the range of 5-10 MHz. The diameter of the US probe and its active aperture length are 2.54 mm and 7 mm, respectively (Fig. 1a ). An in house designed adapter was used to connect the commercial US catheter to the programmable US engine (Vantage 128, Verasonics Inc., Kirkland, WA, USA) allowing access to raw radiofrequency (RF) data for US and PA image formation.
The light delivery system consists of six silica core/cladding optical fibers (FG550UEC, Thorlabs Inc., Newton, NJ, USA 550 μm core diameter) which surround the US probe to divert the laser light toward the tissue in front of the US aperture. The side-firing approach was used in the design to be able to illuminate tissues in front of the US probe using the laser beam [44] . When a light ray is incident on the interface of two media, it can be reflected or refracted depending on the angle of incidence. At a particular incident angle, called the critical angle (θ ) critical , the refracted light will travel along the surface between the two media (Fig. 1b) . If the incident angle is greater than the θ critical , the light cannot pass through and is totally reflected (i.e. total internal reflection). The critical angle can be defined as [44] :
Where n med and n core are indicated refractive indices of media outside and inside of the fiber. Reflection angles for a light beam can be calculated by:
According to Eqs. (2 and 3), the light can propagate into space from the side of fibers with an angle in the range of θ refl1 < θ < θ refl2 , when β is the polished angle and n cl is the refractive index of the fiber cladding. It is clear that based on total internal reflection (TIR), only a certain portion of light (a cone with the angle of 2θ critical ) can propagate inside of each fiber. The θ critical can be calculated based on the numerical aperture (NA) of the fiber. Hence if 2θ critical is assumed to be a total light beam angle inside the fiber and θ sidebeam is the portion of that light which can exit from the side, the ratio of beam energy (RE) for each polished angle can be determined by (Eq. 4). Therefore, besides the exit angle of the light beam, the ratio of the side fired beam energy was calculated for different polishing angles.
The RE values for two different types of fibers (NA = 0.39 and NA = 0.22) were calculated as 70% and 86% respectively. Therefore, we chose fibers with NA = 0.22 to achieve larger side illumination energy. The efficient side illumination for the US transducer was then achieved by polishing the terminal end of the optical fibers at an 18-degree angle. The fiber's total internal reflection was calculated based on the numerical aperture of the fiber when in contact with the aqueous medium. Since polishing at small angles such as 18 degrees involved technical difficulty, an alternative solution is to cap the tip of the fiber with a larger angle and achieve the same firing performance. Silica fibers were arranged to illuminate the field of view of the US transducer without blocking the active area of the phased array. Fig. 1c depicts a 3D schematic of the designed probe, which presents aligned and overlapped ultrasound and light beams. Fibers were polished using an in house custom-built puck and polishing machine (Siemon Comp, Watertown, CT, USA) (Fig. 1d) . The US transducer and designated light delivery system are housed in a custom-built sheath made from nylon 12 polymer using a 3D printing machine. The sheath enables easy alignment and fixation of the US probe and light delivery components in their defined positions. The housing sheath consists of three parts including a housing for the US probe and fibers and two external shields with an internal lock for placing all parts. To restrict the rotation and longitudinal shifting of the fibers, the slope (at which the fibers are polished) is used at one end of each fiber's position. Hence, two fibers are restricted by surfaces on the cap and the remaining four are attached to the jacket itself. Although the fibers are placed parallel to provide illumination in front of the transducer, in our future design, we will study the effect of the orientation of the fibers to reach a more optimized illumination pattern. The sheath parts can be disassembled simply which would allow fibers to be relatively easily cleaned or replaced. The total size of the proposed probe and its housing is 7.5 mm (Fig. 1e ).
US and PA data acquisition system
The block diagram of the imaging system is shown in Fig. 2 . It consists of a nanosecond PRO270 operating at 30 Hz (Spectra Physics Santa Clara, CA, USA), Nd:YAG/OPO laser (VersaScan HE, Spectra Physics Inc, Santa Clara, CA, USA), an optical parametric oscillator for frequency conversion, a BASYS3 Digilent 200 MHz field-programmable gate array (FPGA) for system synchronization, the US processing station (Vantage 128, Verasonics Inc., Kirkland, WA, USA) and proposed US/ PA probe. In the configuration, the FPGA triggers the nanosecond laser and, after a 1.3 ms delay, starts the US data acquisition. The 1.3 ms delay was implemented to allow for the dissipation of PA transients. Three US frames are then acquired, and the system pauses for an additional 19 ms before starting the next PA data acquisition cycle to allow further transient dissipation.
Several preliminary experiments were designed to characterize and evaluate our PA/US endoscopic system. We first tested and calculated the system spatial appearance to demonstrate the capability of the proposed endoscope for detecting small abnormalities. The second experiment was designed with a cylindrical phantom to assess the suitability of the probe for the proposed cervical application. During our endoscope development process, the experiments were done in two sets with a similar setup. Our first set of experiments was performed while an external illumination was utilized to test the capability of the US probe for PA imaging. The second set was completed utilizing the proposed light delivery system.
Initial evaluation of the US endoscope for PA imaging using external illumination
Prior to the development of the integrated US and PA endoscope consisting of the miniaturized US transducer and light delivery (Fig. 1a) , the capability of the US probe to detect PA signals and form images was tested in experiments where two phantoms were illuminated using an external light source (Fig. 3) . For the first experiment, the system's ability for creating a co-registered US/PA image was evaluated using a wire calibration phantom arranged laterally in a 10 cm cube container filled with water. For the test, five 200 μm diameter nylon wires were arranged in the pattern shown in Fig. 3a and scanned using the endoscopic probe at a distance of 12 mm from wires in a water medium.
For the second experiment, the proposed endoscope's cervical canal imaging capability was ascertained by using a gelatinous cervix analogue, shown in Fig. 3b . The cylindrical tissue-mimicking phantom was made out of 10% W/W porcine gelatin (Sigma-Aldrich, G2500, St. Louis, MO, USA) mixed with cellulose scattering particles. During the experiments, the US probe was placed inside the phantom's water-filled cavity to acquire the US and PA images used for creating the co-registered volumetric images. A number of light absorbing objects (5 mm long, 1 mm in diameter cylindrical metallic objects, made out of copper, placed in two separate planes 10 mm apart from each other) were embedded inside the phantom to act as PA imaging contrasts. Labview® (National instruments, Austin, TX, USA) was used to acquire the data for the volumetric image reconstruction and for controlling the stepping motors. The stage was moved with rotation steps of 1.8 degrees and has a vertical translational accuracy of 100 μm. The experimental setup and the geometry of the gelatin phantom are shown in Fig. 3b . External illumination (red arrows in Fig. 3b ) at λ = 532 nm and with pulse energy of 5 mJ/pulse was used to illuminate the phantom from the outside and to generate PA signals that were acquired by the endoscope.
Evaluation and characterization of the integrated US and PA endoscope
For testing the designed internal light illumination system, the probe accompanied with fibers was held 15 mm away from the same wire calibration phantom (with six wires) and the light was illuminated by a 1.5 mJ/pulse 532 nm wavelength light beam. Fig. 4a shows the object's pattern, the US catheter location, US field of view, and the light illumination region.
Similar to the initial tests with external illumination, the probe's ability to provide volumetric (3D) images of tissue structures such as cervical tissue was validated by using another cylindrical tissue-mimicking phantom. The phantom contains four light-absorbing objects (5 mm diameter graphite rods) placed inside the gelatin background at depths of 15 mm, 25 mm, 30 mm, and 35 mm as shown in Fig. 4b . The phantom had an outer diameter of 80 mm, an inner diameter of 20 mm and a length of 30 mm. The PA/US probe was inserted into the phantom, in a water medium, and rotated using the same rotation stage. The cross-sectional images were then combined to provide the 3D coregistered image of the cervix phantom. This set of experiments simulated examples of volumetric visualization of the cervical tissue through the cervical canal, which could be useful for determining the extent of cancer.
Results and discussion
Fig . 5 shows the acquired US and PA images of the characterization phantom using external illumination and US endoscope. A delay-andsum beamforming was used to reconstruct both US and PA images [45] . The US-PA co-registering capability of the endoscope is shown in Fig. 5c . US and PA images of the test objects are shown, as well as the sensitivity and capability of the US endoscope in acquiring PA signals and forming PA images.
During the volumetric US and PA image acquisition, the phantom was rotated 360 degrees in steps of 1.8 degrees to generate one slice with 9 mm thickness and was repeated for the length of the phantom. The two-dimensional US and PA images were rendered into volumetric images (US, PA, and combined US and PA) through offline processing. Fig. 6 demonstrates the results of volumetric imaging using the US and PA endoscope. The US image provides the structural outline of the phantom, while the PA results provide a background free location of light absorbing inclusions. The images are co-registered in Fig. 6c , which shows a match between the location of inclusions in both US and PA images. Enhanced beamforming algorithms and reverberation filtering can lead to higher quality PA images for future in vivo applications. Fig. 7 shows the results of the resolution characterization study. The axial and lateral appearance of the 200 μm nylon filaments were determined to be 286 μm and 299 μm based on the full width at half maximum (FWHM) amplitudes for US images and 352 and 380 μm for PA images. The theoretical values for axial and lateral resolutions [46] were calculated as 299 μm and 300 μm for US images, and 211 μm and 300 μm for PA images respectively, which are in full compliance with the experimental measurements. We believe that by employing more advanced beamforming algorithms, such as using synthetic aperture techniques, coherence factor weighting, and weighting beamforming, the quality of images could be further improved [47] [48] [49] [50] .
As previously discussed, PA imaging will only generate data in the presence of an absorbing media, while US tomography can create the structure of the object of interest. In essence, PA imaging enhances the endogenous or exogenous media of interest from the US background. A PA/US image can, therefore, provide information regarding tissue vascularization or the location of targeted contrast agents during gynecological screening. The PA/US co-registered image of the cervix phantom, shown in Fig. 8c , clearly demonstrates the utility of this modality by highlighting the absorbing media within the gelatinous phantom structure. Although a 532 nm laser light was utilized for all experiments in this proof of concept phantom studies, we will utilize near infrared (NIR) wavelengths for future ex vivo and in vivo studies to evaluate the realistic achievable penetration depth in PA imaging. While we anticipate the PA image characteristics such as resolution will remain the same as what was shown in this work, NIR wavelengths will allow larger penetration into biological tissue and thus increasing PA imaging depth. While the developed endoscope can be used in imaging various types of gynecologic cancers, one future potential application is to provide additional diagnostic information in cervical cancers and preinvasive diseases. Conization or cone biopsy is a clinical procedure in which a cone-shaped volume of the high-grade dysplastic or cancerous cervical tissue is surgically removed. A major challenge during the cone biopsy procedure in patients with cervical cancer is determining the tumor extension within the cervical canal, which can help the physician determine the needed biopsy or conization size. The amount of removed tissue is associated with primary or secondary hemorrhage, cervical stenosis, and subsequent infertility or an abnormal pregnancy [14] . Endoscopic US and PA imaging can potentially determine the cancer extension within the cervical canal and enhance the accuracy of biopsies and, if needed, cone biopsies. The laser power output and subsequent imaging depth of this system is limited by the number of fibers used for light delivery. Nevertheless, the penetration capability is clinically useful for cervical cancer screening [51] .
The imaging depth of the current system is limited by the amount of light which can be delivered to the tissue of interest and this, in turn, is determined by the number of fibers surrounding the US transducer. Based on our proposed experiments, the current system can image objects up 35 mm and future modifications will include metalizing the polished fiber tip and adding an air-capped for an even stronger PA response [44] . Nevertheless, the current system is useful for superficial gynecological cancer characterization [52] . In addition, it is also possible to illuminate the cervical tissue from outside using a ring-shaped illuminator. The external and internal illumination can both be combined to achieve the optimum illumination for cervical imaging. Furthermore, the addition of PA imaging technology to existing ultrasound machines is very easy and the hardware is relatively inexpensive. The tremendous improvement in image resolution and physiological information offered by a low-cost hardware improvement means PA imaging can, therefore, be utilized very easily by the many healthcare centers that already own ultrasound machines.
Conclusion
The PA/US endoscope presented in this study is designed to be a compact, non-invasive, non-ionizing, and high-resolution visualization modality for the purposes of diagnosis of severe dysplasia and for an immediate application in cervical cancer imaging. The 7.5 mm diameter probe is a modified commercially available US transducer ringed with fiber optics for the delivery of laser illumination. The applications of the developed endoscope can include visualization of the cervical canal, the inner uterine wall, the fallopian tube and the posterior parts of the ovaries for possible pathologies in the future. The probe was shown to be capable of producing 3D coregistered US and PA images with the axial and lateral resolution of 286 μm and 299 μm for US, and 308 μm and 378 μm for PA respectively, at 12 mm depth. These results indicate its possible use in identifying carcinogenic tissue in the cervical canal and other hard-to-reach areas in clinical diagnosis. The relatively simple implementation of this technology in clinics that already have ultrasound modalities will allow physicians a practical advantage in diagnosing the disease at an earlier stage. The proven advantages of this endoscope provide a tangible basis for the further application of US and PA technology in disease identification and treatment. In sum, our endoscope has demonstrated the ability to provide high-resolution imaging information at clinically relevant depths for imaging the cervical canal and surrounding endometrial tissue. 
